CYP2D6 and CYP3A4, two members of the cytochrome P450 superfamily of monooxygenases, mediate the biotransformation of a variety of xenobiotics. The two enzymes differ in substrate specificity and size and characteristics of the active site cavity. The aim of this study was to determine whether the catalytic properties of these isoforms, reflected by the differences observed from crystal structures and homology models, could be confirmed with experimental data. Detailed metabolite identification, reversible inhibition, and time-dependent inhibition were examined for levorphanol and levallorphan with CYP2D6 and CYP3A4. The studies were designed to provide a comparison of the orientations of substrates, the catalytic sites of the two enzymes, and the subsequent outcomes on metabolism and inhibition. The metabolite identification revealed that CYP3A4 catalyzed the formation of a variety of metabolites as a result of presenting different parts of the substrates to the heme. CYP2D6 was a poorer catalyst that led to a more limited number of metabolites that were interpreted in terms to two orientations of the substrates. The inhibition studies showed evidence for strong reversible inhibition of CYP2D6 but not for CYP3A4. Levallorphan acted as a time-dependent inhibitor on CYP3A4, indicating a productive binding mode with this enzyme not observed with CYP2D6 that presumably resulted from close interactions of the N-allyl moiety oriented toward the heme. All the results are in agreement with the large and flexible active site of CYP3A4 and the more restricted active site of CYP2D6.
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CYP3A4 and CYP2D6 are two members of the cytochrome P450 (P450) superfamily of monooxygenases that catalyze the biotransformation of a variety of xenobiotics (Guengerich, 2003) . CYP3A4 has a large, flexible active site (Ekroos and Sjögren, 2006) resulting in broad substrate selectivity. CYP2D6 is more substrate-selective because of its smaller active site and the presence of specific amino acid residues that may contribute to substrate-enzyme interactions (Koymans et al., 1992; de Groot et al., 1997; Lewis et al., 1997) .
To gain further structural information of the P450s, efforts have been directed toward the crystallization of these enzymes. The crystallization of soluble bacterial P450s (Poulos et al., 1987) provided an opportunity to conduct homology modeling studies of human P450s using these bacterial crystal structures as templates (Lewis, 1999; De Rienzo et al., 2000) . The crystallizations of human CYP3A4 in 2004 (Williams et al., 2004; Yano et al., 2004 ) and CYP2D6 in 2006 (Rowland et al., 2006) allow for an extension of homology modeling to include direct comparisons with the human enzymes. A comparison of crystal structures and homology models has been published recently (Kjellander et al., 2007) . This comparison involved docking solutions of a set of compounds for which specific interactions with the surrounding amino acid residues had been identified by computational methods. In addition, the opportunity to predict sites of metabolism for the different structures was investigated. The compound class used for this study was a family of morphinanyl opioid analgesics. These compounds are known substrates for both CYP2D6 and CYP3A4 that presumably adopt different orientations in the active sites of the two isoforms (Kirkwood et al., 1997; Yue and Sawe, 1997; von Moltke et al., 1998; Benetton et al., 2004; Hutchinson et al., 2004) . CYP3A4 preferentially catalyzes the oxidative N-demethylation, and CYP2D6 catalyzes the oxidative O-demethylation of selected members of this class of compounds. Attempts to dock some of these probe molecules into the active sites of CYP3A4 as defined by its X-ray crystal structure led to ambiguous results. The large and flexible active site cavity of this enzyme resulted in orientations with different parts of the molecules in close proximity to the heme. This in turn led to a variety of solutions for the predicted sites of metabolism. Because the experimentally determined sites of metabolism reported in the article by Kjellander et al. (2007) considered major metabolic pathways only, a more detailed characterization of the metabolic profiles of two compounds of the series has been pursued. The experimental results were expected to provide information about the different orientations the molecules adopt in CYP2D6 and CYP3A4 as part of an effort to characterize further the differences between the two isoforms, regarding interactions and active site cavities, observed with computational methods.
The two compounds selected for this study ( Fig. 1) were levorphanol (1) and levallorphan (2). Levorphanol, an N-methylmorphinanyl derivative, serves as the prototype for this family of opioid analgesics. The second compound, levallorphan (2), was selected because of the presence of the N-allyl side chain that might be involved in hydrophobic interactions in the active site cavity that could result in an improved affinity. Furthermore, compounds bearing the allylaminyl group present in levallorphan have been reported to undergo metabolic activation leading to time-dependent inhibition (TDI) of the enzyme (Fontana et al., 2005) . Consequently, the TDI properties of levorphanol and levallorphan were compared using the two enzymes. In addition, the reversible inhibition potential was determined for the compounds as a measure of the affinity for the two P450 isoforms. It was anticipated that these results would give further information on the productive orientations of these two molecules in the active sites of CYP3A4 and CYP2D6. Also included in this article are dockings of the two compounds based on the crystal structures of CYP3A4 and CYP2D6.
Materials and Methods

Materials.
The recombinant enzymes used in these studies (human P450s CYP2D6 and CYP3A4 coexpressed with NADPH-P450 reductase in bacterial membranes) were supplied from Cypex Ltd. (Dundee, Scotland, UK). Levorphanol tartrate, levallorphan tartrate, NADPH, and GSH were purchased from Sigma-Aldrich (St. Louis, MO), and 4-aminomethyl-7-methoxycoumarine (AMMC) and 7-benzyloxy-4-trifluoromethylcoumarine (BFC) were from BD Gentest (Woburn, MA). Propranolol and troleandomycin were supplied from Sigma-Aldrich. HO-Bufuralol, bufuralol, and 1Ј-HO-midazolam were purchased from SAFC Corp. (St. Louis, MO), and midazolam was from Lipomed AG (Arlesheim, Switzerland). All of the other chemicals were of analytical grade and of the highest quality available.
Bioanalytical Equipment and Analytical Methods. High-performance liquid chromatography/mass spectrometry (HPLC/MS) and HPLC/MS 2 were conducted for the metabolite identification studies. The HPLC system was an Agilent 1100 Series (Hewlett-Packard GmbH, Waldbronn, Germany) coupled to an HTC PAL autosampler (CTC Analytics AG, Zwingen, Switzerland). The analytical column used for chromatographic separation of the metabolites was a HyPURITY C 18 column (100 ϫ 2.5 mm, 5 m; Thermo Fisher Scientific, Waltham, MA). The mobile phases consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The gradient was increased linearly from 5% solvent B to 50% solvent B in 8 min at a flow rate of 0.75 ml/min. The HPLC system was connected to a Sciex API 4000 quadrupole mass spectrometer with electrospray ionization interface (Applied Biosystems, Concord, ON, Canada). Positive ion mass spectra were recorded over the mass range m/z 80 to 400, followed by product ion scans on peaks of interest. The collision energy used was 40 eV. The Analyst 1.4.1 software (Applied Biosystems) was used for analysis and storage of data.
Additional MS 2 experiments using a Waters (Wythenshawe, Manchester, UK) quadrupole time-of-flight Premiere instrument were performed to obtain accurate mass data. The MS 2 analyses were performed on the metabolites observed on the Sciex API 4000 quadrupole mass spectrometer (Applied Biosystems). The collision energy was ramped from 20 to 40 eV, and the cone voltage was set to 35 V. For chromatographic separation, a Waters (Milford, MA) ACQUITY UPLC was used with a Waters ACQUITY UPLC C 18 column (50 ϫ 2.1 mm, 1.18 m). The same mobile phases as on the Agilent 1100 series instrument (Hewlett-Packard GmbH) were used. The gradient of 5 to 90% B was achieved in 5 min; the flow rate was 0.75 ml/min. MassLynx version 1.4 software (Waters) was used for analysis and storage of data. The analysis of HO-bufuralol and 1Ј-HO-midazolam for the IC 50 determinations was performed with HPLC/MS on the Sciex API 4000 instrument (Applied Biosystems) described above. The multiple reaction monitoring transitions used were 2778.1/185.7 for HO-bufuralol and 342.0/ 202.7 for HO-midazolam. The column used for chromatographic separation was a HyPURITY C 18 column (50 ϫ 2.5 mm, 5 m; Thermo Fisher Scientific).
Metabolite Identification in Incubations with Recombinant Enzymes. The metabolic profiles of levorphanol (1) and levallorphan (2) were investigated with recombinant CYP2D6 and CYP3A4. The compounds (10 M) were mixed with enzyme (100 pmol/ml) and phosphate buffer (0.1 M, pH 7.4). Each mixture was preincubated for 10 min at 37°C, and the reaction was then initiated by addition of NADPH (1 mM). Zero time samples were taken before the addition of NADPH. After 60 min, the incubations were quenched with the addition of an equal amount of ice-cooled solution of 0.8% formic acid in acetonitrile. The samples were centrifuged, and the supernatant was diluted 1:1 in water before analysis. The 0-and 60-min samples were used for identification of metabolites.
In the case of levallorphan (2), incubations were also performed in the presence of GSH to capture any reactive species. The same incubation conditions as above were used with the addition of GSH (5 mM).
To quantify the turnover of the parent compound, intrinsic clearance (Cl int ) values for levorphanol and levallorphan were determined at 1 M. The compounds were mixed with recombinant P450 (50 pmol/ml) and potassium phosphate buffer (0.1 M, pH 7.4). After 10-min preincubation, the reaction was initiated by addition of NADPH (1 mM), and the incubations were continued for 7, 15, 20, and 30 min. Zero time point samples were taken just before addition of NADPH. All the incubations were performed in microtiter plates at 37°C. The reaction was quenched with two parts ice-cooled acetonitrile containing 0.8% formic acid. The samples were centrifuged at 2737g for 20 min at 4°C, and the supernatant was diluted 1:2 with water before analysis.
IC 50 Determination. For determination of the potential of the test compounds to inhibit reversibly CYP2D6 and CYP3A4, full IC 50 curves were obtained with recombinant P450s. The inhibition of the catalytic activity of the enzymes was studied using bufuralol and midazolam as probe substrates for CYP2D6 and CYP3A4, respectively. Serial dilutions of the test compounds were done in 50% acetonitrile (50.00, 16.70, 5.50, 1.90, 0.60, 0.20, 0.07, and 0.02 M) . These solutions were added to a master mix containing enzyme (5 pmol/ml), potassium phosphate buffer (0.2 M, pH 7.4), and the probe substrates bufuralol (10 M) for CYP2D6 and midazolam (3 M) for CYP3A4. Also included were blank samples, without test compound and substrate, and incubations containing only the substrate (100% activity). The incubation mixtures were preincubated for 10 min, and the reactions were initiated by addition of NADPH (1 mM), except for the blank samples. After incubating for 15 min, the reactions were quenched with ice-cooled acetonitrile containing 0.8% formic acid. All the incubations were performed in microtiter plates at 37°C. The plates were centrifuged at 2737g for 20 min at 4°C, and the supernatants were diluted 1:2 in water before analysis. The CYP2D6 samples were diluted again 1:10. Standard curves of 1Ј-HO-midazolam and HObufuralol were prepared in the incubation matrix and were precipitated in the same way as the samples. The formation of 1Ј-HO-midazolam and HObufuralol were analyzed with HPLC/MS.
Time-Dependent Inhibition. Levorphanol and levallorphan were tested for their TDI properties. A time-dependent inhibitor is a compound that inhibits the enzyme in an irreversible or quasi-irreversible manner after metabolic activation. In this assay the activities of recombinant CYP2D6 and CYP3A4 were measured with the fluorescent probe substrates AMMC and BFC after 0, 5, 10, and 20 min of preincubation with the test compound. For the determination of the extent of enzyme inactivation, the enzymes were incubated at 37°C with the test compound (1.5, 12.5, and 25 M) in the presence and 
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at ASPET Journals on June 24, 2017 dmd.aspetjournals.org absence of NADPH (1 mM for CYP3A4 and 0.4 mM for CYP2D6). Control incubations were included without any test compound present. After preincubation, a 20-l aliquot of the preincubation mixture was transferred to a well containing BFC (50 M) or AMMC (60 M), NADPH (1 mM for CYP3A4 and 0.4 mM for CYP2D6), and phosphate buffer (0.2 M) at a final volume of 200 l. To decrease the impact of reversible inhibition, substrate concentrations at 4ϫ K m were used to saturate the enzyme. A 1/20 dilution of the preincubation mixture into the incubation with substrate was also tested to further rule out a reversible inhibition component. The final protein concentration was 1.25 pmol/ml CYP3A4 and 20 pmol/ml CYP2D6. The higher enzyme concentration with CYP2D6 was used to obtain a sufficient signal-tonoise ratio when measuring the fluorescence of the AMMC metabolite. The incubations were quenched after 15 min with a stop solution containing 80% acetonitrile and 20% Tris. The catalytic activities were determined from the amount of metabolite formed from the probe substrates by measuring the fluorescence at 390/460 nm for AMMC and at 405/535 nm for BFC. This was done using a SpectraMax Gemini XS fluorescence detector (Molecular Devices, Sunnyvale, CA). The percentage of remaining activity was calculated by dividing the counts in the samples with the counts in the control incubations (100% activity). Included in the assays were positive controls known to act as time-dependent inhibitors on the two enzymes. These were propranolol for CYP2D6 (Narimatsu et al., 2001 ) and troleandomycin for CYP3A4 (Yamazaki and Shimada, 1998) .
Dockings of Levorphanol and Levallorphan into Crystal
Structures of CYP2D6 and CYP3A4. Dockings of levorphanol and levallorphan in CYP2D6 and CYP3A4 were performed to visualize possible orientations in the active site cavities. The protein structures used were the ligand-free CYP2D6 crystal structure (Protein Data Bank code 2f9q) (Rowland et al., 2006) , and the CYP3A4 crystal structure cocrystallized with erythromycin (Protein Data Bank code 2j0d) (Ekroos and Sjögren, 2006) . In the study by Kjellander et al. (2007) , these two crystal structures were evaluated regarding site of metabolism predictions of compounds in the same family as levallorphan and levorphanol. Consequently, these structures were chosen for the purpose of this study. The CYP2D6 crystal structure has some unresolved regions; however, these are assumed not to affect the environment of the active site. Because the aim was to visualize possible orientations of the compounds, settings were used to restrict the dockings based on knowledge of the two enzyme active site cavities. The substrates were drawn in ISISdraw (Symyx Technologies Inc., Sunnyvale, CA) and exported as sdf-files. The two-to three-dimensional conversion was made with CORINA (Molecular Networks GmbH, Erlangen, Germany; http://www.mol-net.de). For the dockings in CYP2D6 substrate molecules were protonated because the electrostatic interactions are believed to be important for the orientation in the CYP2D6 active site cavity. As in the study by Kjellander et al. (2007) , neutral molecules were used for the dockings in CYP3A4.
The dockings were performed with the docking module GLUE in program GRID version 22.2.2 (Molecular Discovery, Pinner, Middlesex, UK; http:// moldiscovery.com). This program is based on calculations of GRID-molecular interaction fields (Goodford, 1985) . Specific probes related to the two compounds studied were chosen for analysis of the active site of the enzyme. In CYP2D6 these were H (hydrogen), OH2 (water), DRY (hydrophobic), N1ϩ (sp 3 aminyl cation), C3 (methyl), C1 ϭ (sp 2 CH aromatic or vinylic), and OH (phenol or carboxyl). For CYP3A4 the same probes were used except for N1ϩ, which was exchanged for N: (sp 3 N with a lone pair). For the analysis a distance of 1 Å between the grid points was used. To restrict the dockings, a box estimated to include the heme and active site was used (ϳ16 ϫ 20 ϫ 23 Å). In the dockings possible interactions with surrounding water molecules were not considered. For the binding affinity estimation, contributions from electrostatic interactions were included, as well as a penalty for loss of rotatable torsions. Different conformations of the ligands were generated in GLUE using random search by rotating a maximum of five rotatable bonds. A maximum number of binding sites was set to 100, and an energy cutoff to Ϫ100 kcal/mol was included. Because the aim was to provide possible productive binding modes, the resulting docking poses were filtered, and only those that were within 6 Å from any atom of the heme were selected for further analysis.
Results
Identification of Levorphanol
Metabolites. An analysis of the product ion spectrum (Fig. 2 ) of protonated levorphanol (1H ؉ ) was undertaken to provide comparative data that would be useful in the elucidation of the structures of metabolites derived from this compound. This spectrum (as well as the corresponding spectra of levallorphan and the derived metabolites) could be obtained only at a high collision dissociation energy (40 eV) because of the stability of 
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Two informative product ions present in this spectrum, at m/z 201.1277 (C 14 H 17 O ϩ ) and 199.1120 (C 14 H 15 O ϩ ), are likely to correspond to ii ؉ and iii ؉ , respectively. Pathways to rationalize the formation of these product ions (Scheme 1) start with ring-opening and proton rearrangements of 1H ؉ . Migration of a proton from the N-methyl group to C(9) with simultaneous ring opening leads to 1a ؉ that loses ethene and formaldimine to yield ii ؉ [path (a)]. Alternatively, cleavage of the C(9)-N bond accompanied by proton migration from the benzylic C(10) atom to nitrogen leads to ib ؉ . Subsequent fragmentation with neutral losses of ethene and methylamine leads to iii ؉ [path (b)]. The product ions observed in this spectrum are also present in the product ion spectrum of protonated levallorphan (see below). Furthermore, the corresponding spectra obtained from several metabolites of levorphanol and levallorphan display product ions equivalent to ii ؉ and iii ؉ . Levorphanol Metabolites Formed in the Presence of CYP3A4 and CYP2D6. The extracted ion chromatograms (XICs) obtained from incubations of levorphanol with CYP3A4 and CYP2D6 of all the metabolite peaks are shown in Fig. 3 . (See supplemental data for all the total ion current chromatograms.) The product ions are recorded in Table 2 . Peaks corresponding to six metabolites (3-8) were observed in the XICs for CYP3A4, and three of these metabolites (4, 6, and 8) were formed in the presence of CYP2D6. The m/z for MH ϩ of 3, 4, and 5 (m/z 274) was 16 m/z units greater than 1H ؉ (m/z 258); the m/z for MH ϩ of 6 (m/z 244) was 14 m/z units less than that of 1H ؉ ; and the m/z for MH ϩ of 7 and 8 (m/z 260) was 2 m/z units greater than 1H ؉ . The suggested metabolic pathways of levorphanol with CYP3A4 and CYP2D6 are summarized in Scheme 2.
Based on the principal product ions, the structure of the ion with MH ϩ at m/z 274.1799 is assigned to the C(8)-hydroxylated species 3 (Scheme 2). The product ion present at m/z 256.1709, corresponding to loss of water, supports an aliphatic, as opposed to aromatic, site of hydroxylation. The proposed position of the hydroxylation at C (8) The m/z values of the ions observed in the product ion spectrum of the compound assigned the structure 4H ؉ correspond to those observed in the product ion spectrum of 1H
؉ with the addition of 16 m/z units. The structure of this metabolite is suggested to be a dihydroxyphenyl species (4 in Scheme 2, unknown regiochemistry) because the product ion spectrum shows no loss of water. Proposed structures of the other product ions are consistent with this assignment (see Supplemental Data Scheme S3). a Proposed structures and fragmentation pathways to rationalize product ions with these formulas will be found in the supplemental data.
The product ion spectrum of the third metabolite assigned with MH ϩ 274.1793 shows the same ions as observed with 1H ؉ together with two additional ions at m/z 257.1777 and m/z 256.1703. The ion at m/z 256.1703, corresponding to loss of water, is consistent with a second aliphatic hydroxylation product. However, the ion at m/z 257.1777 corresponds to a loss of 17 m/z units from the parent. The only reasonable assignment for a neutral loss of 17 m/z units from this system is the hydroxyl radical (⅐OH). Loss of ⅐OH suggests that the oxidation of 1 has taken place on a position that can fragment to give a relatively stable radical cation. Therefore, the suggested structure of this metabolite is the N-oxide (5 in Scheme 2) (see Supplemental Data Scheme S4 for details). This assignment is supported by the longer retention time of this metabolite compared with that of the parent. Both 3 and 5 may be unresolved diastereomeric mixtures.
The metabolite with MH ϩ at m/z 244.1696 is a compound with 14 m/z units less than that of protonated levorphanol (1H ؉ ). This loss of 14 m/z units corresponds to loss of a methylene group and suggests that the structure of this metabolite is the secondary amine (6 in Scheme 2). This proposal is supported by the observed product ions ( Table 2) ؉ , suggesting that this is the N-demethylated metabolite of 3 (7 in Scheme 2). The product ions at m/z 242.1613 (loss of water), 215.1097 (losses of ethene and methylamine), and 173.0591 (subsequent loss of cyclopropane) are consistent with structure 7. The product ion spectrum of the second species with MH ϩ at m/z 260 was very weak. Because there is no evidence for loss of water in the spectrum, this compound may be the N-demethylated dihydroxyphenyl species 8 (Scheme 2).
Because no authentic standards were available, only approximate estimates of the quantities of the metabolites formed, from integrated ion intensities, were possible. Even if this is not a proper way of quantification it gives an opportunity to compare the distribution of metabolites for the compound studied. The MS response area and a calculation of the relative MS area (%MS) of all the metabolites and the parent are presented in Table 3 . CYP3A4 proved to be a more effective catalyst with approximately 43% of the substrate converted to six metabolites, including 20% conversion to the aliphatic carbinol 3 as a major route. CYP2D6 was less active (33% conversion), with aromatic hydroxylation to give 4 as the dominant pathway (27%). The Cl int values at 1 M were Ͻ0.2 l/min/pmol P450 (t 1/2 Ͼ40 min) in both CYP2D6 and CYP3A4, indicating a low turnover for the compound in the two enzymes.
Identification of Levallorphan Metabolites. The product ion spectrum of protonated levallorphan (2H ؉ at m/z 284.1986; see Supplemental Data Fig. S9) 
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at ASPET Journals on June 24, 2017 dmd.aspetjournals.org tained with levallorphan (2) in the presence of CYP3A4 revealed six metabolite peaks; the corresponding chromatograms with CYP2D6 showed only three metabolite peaks, all of which were present in the CYP3A4 tracing. The XICs of these analytes are shown in Fig. 4 . The retention time and product ion spectra of the CYP3A4-and CYP2D6-generated species observed at m/z 244 were identical to those of the N-demethylated metabolite 6 of levorphanol. Consequently, this compound must be the N-deallylated metabolite of levallorphan (6, Scheme 4). The other five levallorphan metabolites were identified as 9 through 13 (see below). In addition to 6, compounds 10 and 11 were common metabolites of CYP3A4 and CYP2D6. The ions obtained from the product ion spectra are reported in Table 2 .
A summary of the metabolic pathways of levallorphan including structures of metabolites is depicted in Scheme 4. Metabolites 9 and 10 have MH ϩ at m/z 300.1934/300.1955, 16 m/z units greater than that of levallorphan, suggesting formation of hydroxylated metabolites. The structure proposed for 9 is the C(5)-cyclohexylcarbinol (9, Scheme 4). This assignment is based on the same analysis that led to the assignment of 3 for the levorphanol metabolite because the product ions of 9H ؉ correspond to the product ions observed for 3H ؉ . In particular, the loss of 18 m/z units (water) to give m/z 282.1799 supports the proposed aliphatic hydroxylation site. The product ion spectrum of the second ϩ 16 metabolite displays ions corresponding to those observed for 4, the aromatic hydroxylated metabolite of levorphanol. That leads to structure 10 for this metabolite (Scheme 4).
Compounds assigned structures 11 and 12 (MH ϩ at m/z 316.1920) have a mass difference compared with levallorphan of ϩ32 m/z units, indicating bis-hydroxylations. The MS 2 -generated product ions of 11 correspond to the product ions observed with the carbinol metabolite 9 of levallorphan except for the increase of 16 Da for the second hydroxyl group. The presence of a product ion at m/z 161.0612 in the MS 2 of 11, corresponding to v ؉ (see Supplemental Data Scheme S2) with the addition of 16 m/z units, suggests that the second hydroxylation is positioned in the aromatic ring [C(10) or C(13)] (11, Scheme 4). The proposed structure of 12 is shown in Scheme 4. This compound is also a bis-hydroxylated metabolite of levallorphan that, in this case, seems to involve two oxidations of the cyclohexyl ring (ring C). This conclusion is based on comparisons of the product ions present in the MS 2 tracing of 12 with those formed in the MS 2 of 9 and 10 (see Supplemental Data Scheme S7 for details).
The compound assigned structure 13 has MH ϩ at m/z 258.1472, 26 m/z units less than the parent 2H
؉ . This mass corresponds to N-deallylation and hydroxylation of the parent followed by further oxidation of a carbinol group to a carbonyl group. The MS 2 fragmentation pattern differs from those of other compounds in the series. This leads to the suggestion that the carbonyl group is positioned ␣ to the nitrogen atom resulting in the lactam 13 (Scheme 4). This proposal is supported by the observed product ions that are discussed in detail in the supplemental data (Scheme S8).
In addition to the aforementioned metabolites, three weak signals were observed at m/z 314 (data not shown 
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The absolute MS response area for each metabolite of levallorphan together with the %MS are presented in Table 3 . The main species detected in the HPLC/MS analysis is the parent drug, particularly in the CYP2D6 incubations. Based on the %MS, the major metabolite formed with CYP3A4 results from hydroxylation in the cyclohexyl ring. The three CYP2D6-generated metabolites appear to be formed in approximately equal amounts. The Cl int values at 1 M were Ͻ0.2 l/min/pmol P450 (t 1/2 Ͼ40 min) in CYP2D6 and 0.82 l/min/pmol P450 (t 1/2 8.5 min) in CYP3A4, indicating a higher turnover for levallorphan in CYP3A4.
IC 50 Determinations. To determine the reversible inhibition potentials of levorphanol (1) and levallorphan (2) on CYP3A4 and CYP2D6, full IC 50 curves were obtained. The IC 50 values for levorphanol were Ͼ50 M in the CYP3A4 assay and 11.5 M in the CYP2D6 assay. The corresponding values for levallorphan were Ͼ50 M in the CYP3A4 assay and 0.65 M in the CYP2D6 assay. These results indicate that both compounds act as relatively strong reversible inhibitors of CYP2D6, but neither of them shows any inhibition of CYP3A4.
Time-Dependent Inhibition. The two test compounds also were analyzed for their potential TDI properties. After preincubation with each test compound in the presence and absence of NADPH, the enzyme activity was measured in incubations with the probe substrates AMMC (CYP2D6) and BFC (CYP3A4). The results for levallorphan showed a decrease in CYP2D6 activity at higher concentrations both in samples preincubated with and without NADPH. This result suggests that levallorphan is a strong, reversible inhibitor. No changes were obtained with the 1/20 dilution compared with the results from the 1/10 dilution that are reported here. From the results of levallorphan incubated with CYP2D6, a concentration-dependent loss of activity was observed but it was not time-dependent. To diminish this time-independent component the activity was normalized to the incubations carried out in the absence of NADPH. The normalized ratios (NRs) were calculated according to the following equation:
where A inh is the catalytic activity after preincubation with inhibitor present and A ctrl is the activity in the control incubations without inhibitor. A compound is considered to be a time-dependent inhibitor if the NR is less than 0.7. This is an empirical value based on the understanding that the value for a compound not acting as a timedependent inhibitor should be approximately 1.0. Allowing for an experimental error of 20%, it could be higher or lower. Hence there is a gray zone for NR ϭ 0.7 to 0.9.
The NRs for the two test compounds, after 20 min of preincubations, together with those of the positive controls, are presented in Fig. 5 . Complete time curves are presented in the Supplemental Data Figs. S17 and S18. From the NR values it was apparent that levallorphan acts as a time-dependent inhibitor on CYP3A4 (NR 0.45 at 12.5 M and NR 0.27 at 25 M) but not on CYP2D6. Levorphanol, which lacks the allylic side chain, did not act as a time-dependent inhibitor on either CYP3A4 or CYP2D6.
It is noteworthy that levallorphan shows strong reversible inhibition (IC 50 ϭ 0.65 M) but no TDI of CYP2D6. The opposite results observed with CYP3A4 could indicate differences in how the two isoenzymes interact with this substrate. The difference in the TDI properties with CYP3A4 for levallorphan and levorphanol supports the involvement of the allylic side chain of levallorphan in the mediation of the observed TDI.
Studies with Glutathione. The presence of the allylic side chain in levallorphan and the fact that this compound acts as a time-dependent inhibitor of CYP3A4 led to glutathione trapping studies that were designed to trap possible metabolically generated reactive species. The result could indicate a possible relationship between the TDI and the anticipated bioactivation of levallorphan to reactive species.
TICs obtained with levallorphan incubations in the presence of GSH and CYP3A4 or CYP2D6 are presented in Fig. 6 . In MS 2 tracings of the CYP3A4 incubations, a large peak with the retention time 4.18 min at m/z 589 was observed. This mass corresponds to the mass of 2 ϩ 307 Ϫ H 2 ϩ H ϩ , consistent with a glutathionyl conjugate of levallorphan that had undergone an initial 2-electron (net loss of H 2 ) oxidation (Scheme 5). The suggested structure, 16, reflects the proposed 1,4-addition reaction of GSH with the eneiminiumyl metabolite 15 ؉ formed by initial oxidation (hydroxylation followed by dehydration of the protonated carbinol 14H ؉ oxygen atom) of the carbon atom ␣ to the nitrogen atom of levallorphan. Less likely would be 1,2-addition because the terminal carbon atom of the eneiminiumyl moiety is sterically less hindered than the internal -bond. In addition, the proposed 1,4-addition product 16 will be more stable than the corresponding 1,2-addition product because of the conjugation of the nitrogen lone pair with the -bond. The principal fragment ion observed in the MS 2 of MH ϩ at m/z 589 was at m/z 282 as expected because the glutathionyl group is in conjugation with the eneaminyl system and should readily eliminate following protonation of sulfur to give the eneiminiumyl fragment (m/z 282) with glutathione as the neutral loss (Scheme 6). The second diagnostic fragment ion observed at m/z 460 corresponds to the expected neutral loss of pyroglutamic (129 Da) that is characteristic of glutathionyl adducts (see Supplemental Data Scheme S9 for details).
In addition to 16H ؉ two minor peaks at 0.7 and 5.14 min are present in both the CYP3A4 and CYP2D6 incubations. These peaks have MH ϩ at m/z 605, corresponding to a glutathionyl conjugate of hydroxylated levallorphan (2 ϩ 305 ϩ 16 ϩ H ϩ ). The MS 2 tracings of these peaks were weak, and no structural assignments were attempted. Possible metabolites could result from epoxidation of either the allyl or the aromatic moiety followed by conjugation with GSH. These peaks are considered to be minor metabolites and are not considered further. Levallorphan (2) M4 (6) M11 (13) M7 (9) M9 ( Fig. 7 , a and b, and represent an orientation of levallorphan and levorphanol with the aromatic ring/ phenol toward the heme. For levallorphan the distance between the positively charged nitrogen and the negatively charged Glu216 was 4.64 Å, and the distance to the oxy species in the heme was 3.55 Å. For levorphanol these distances were 7.50 and 2.87 Å, respectively. The other two poses of levallorphan were with the allyl group pointing toward the heme, and an additional pose is with the aromatic moiety toward the heme. Levorphanol also showed an additional pose with the aromatic ring closest to the heme and one with the pyridine ring pointing toward the heme. Docking energies and information about the orientation of each docking pose are available in the Supplemental Data Table S1 .
In contrast to the limited number of docking poses in CYP2D6, the dockings in CYP3A4 revealed 19 poses of levallorphan and levorphanol. The calculated interaction energies did not differ much between these poses, and there was no obvious ranking among them. The poses represent orientations of the substrates presenting many different parts of the molecule to the heme. Some examples are visualized in Fig. 8 . In general, most of the levallorphan poses were far away from the heme compared with levorphanol. These poses might be favored by hydrophobic interactions with the phenyl alanine cluster in CYP3A4. Docking energies and information about the orientation of each docking pose are available in the Supplemental Data Table S1 .
Interaction energies between each docking pose and the surrounding amino acid residues were calculated with the energy calculation method described previously (Kjellander et al., 2007) . These data are available in Supplemental Data Tables S2 and S3 .
Discussion
The rationales for the present study included the possibility of exploring orientations of the two selected compounds, levallorphan and levorphanol, in the active sites of CYP2D6 versus CYP3A4 in vitro and in silico. Our approach involved metabolic profiling studies on levallorphan and levorphanol with the key tool being the characterization of metabolites using recombinant enzymes. The inhibition potentials of levallorphan and levorphanol on CYP2D6 and CYP3A4 were also examined in an effort to assess their affinities for these enzymes. In addition, their TDI properties were explored in part because of the presence of the allylic side chain in levallorphan, a structural feature often associated with TDI (Fontana et al., 2005) . We anticipated that the results of these experiments would provide useful insights into how these compounds would be oriented in the enzyme active site cavities of the two P450 isoforms to give productive binding modes. Finally, glutathionyl trapping experiments were performed on levallorphan to determine whether the formation of glutathionyl conjugates correlated with the observed TDI of this allylamine derivative.
CYP2D6 catalyzed only the aromatic hydroxylation and N-demethylation/N-deallylation pathways, consistent with an orientation of the Found: 282* SCHEME 6. Proposed mechanism to account for the observed fragment xxxxxiii ؉ in the MS 2 of 16H ؉ . ‫ء‬ no accurate mass available for the GSH adduct and its product ion.
EXPLORATION OF CATALYTIC PROPERTIES OF CYP2D6 AND CYP3A4
at ASPET Journals on June 24, 2017 dmd.aspetjournals.org substrate with the aromatic moiety or the nitrogen atom pointing toward the heme. These orientations were also those obtained from the docking experiments. The orientation with the aromatic moiety toward the heme was the most favorable with respect to calculated interaction energies. The CYP2D6 substrate/inhibitor pharmacophore is proposed to consist of interactions with a basic nitrogen atom of the substrate and acidic amino acid residues of the enzyme (Glu216 and Asp301) that fix the substrate at a defined distance from the site of metabolism. In addition, a hydrophobic region is suggested to be present near the site of oxidation. Site-directed mutagenesis studies have documented the influence of the hydrophobic amino acids, Phe120 and Phe483, on the regioselectivity of some CYP2D6 substrates (Flanagan et al., 2004; Lussenburg et al., 2005) . The importance of the interactions between the basic nitrogen and acidic amino acid residues in the active site also have been supported by sitedirected mutagenesis studies Paine et al., 2003) . In addition, Upthagrove and Nelson (2001) have shown a relationship between substrate affinity and pK a of the substrate. From this knowledge of CYP2D6 and its substrates it could be hypothesized that an orientation of the ligand with the nitrogen pointing away from the heme is favored, and consequently N-dealkylation is unlikely to occur. The orientation with the aromatic ring in levorphanol/levallorphan toward the heme is consistent with the proposed CYP2D6 pharmacophore, whereas the orientation with the nitrogen toward the heme does not fit this analysis. However, considering the amount of metabolites formed, the N-dealkylation is only a minor pathway in CYP2D6. In the best pose obtained from the dockings of levallorphan the basic nitrogen is 4.6 Å from the Glu216. In addition, Phe120 seems to interact with the hydrophobic core structure of the ligand. For levorphanol a similar picture is obtained, but the nitrogen in the ligand is rather far away from the acidic amino acid residue in the active site. However, this picture is a static view of the protein, and in reality the side chains of the amino acids are flexible and are allowed to move in the active site.
Comparing the extent of metabolism of levorphanol and levallorphan with the selected isoenzymes made clear that both compounds were more extensively metabolized by CYP3A4 than CYP2D6. The CYP3A4 metabolites observed indicated that both compounds could be oriented in different ways in the active site, resulting in the presentation of different regions of the molecule to the heme. CYP3A4 has a larger and flexible active site in which hydrophobic interactions with the ligand will probably dominate (see Fig. 8 ). In contrast to CYP2D6, N-dealkylation reactions are more common with CYP3A4 as a result of an orientation with the nitrogen atom in the ligand oriented toward the heme (Coutts et al., 1994) . These results also are consistent with the large number of energetically expectable docking solutions obtained with CYP3A4.
Besides metabolic profiling of compounds in different P450s, the inhibition potentials of the compounds are of interest. P450 inhibition can result from a nonproductive binding mode of a substrate and may give an indication of the orientation in the active site. The potential to inhibit CYP2D6 and CYP3A4 in a reversible manner was determined for levorphanol and levallorphan. From the resulting IC 50 values neither of the two compounds proved to inhibit CYP3A4. On the other hand, both compounds inhibited CYP2D6. If applying the CYP2D6 substrate/inhibitor pharmacophore to the interactions of these two compounds, the preferred orientation would be with the oxygen atom of the aromatic moiety pointing toward the heme and the nitrogen atom pointing away from the heme. Interactions between the basic dmd.aspetjournals.org nitrogen atom and the acidic amino acid residues in the active site cavity may favor a nonproductive orientation of the substrate that could, in theory, result in enzyme inhibition. From the dockings, however, it is difficult to draw any conclusions about the inhibitory or productive binding modes of the ligands. In this case the high affinity of levallorphan for CYP2D6, reflected by its low IC 50 value, might be the result of hydrophobic interactions between the allyl chain and the protein, as well as electrostatic interactions with the acidic amino acids. In CYP3A4, on the other hand, both compounds were extensively metabolized but did not inhibit the substrate in a reversible manner. This result is clearly consistent with the different character of the active sites of CYP2D6 and CYP3A4 as discussed above.
The potential TDI properties of levallorphan and levorphanol also were examined. As anticipated, levorphanol, which lacks the allylic side chain, did not show any TDI properties, whereas the allylaminyl substrate levallorphan proved to be a time-dependent inhibitor. A difference in the TDI properties of levallorphan with the two isoenzymes should give an indication of binding modes in CYP2D6 and CYP3A4 because the assay reports on the TDI properties of the test compound that presumably involve the formation of reactive species. That is, a metabolite is formed that in turn can form adducts with the protein. The mechanism of inactivation is not considered here, only the formation of the reactive metabolite. Studies on the TDI properties established that levallorphan inactivated CYP3A4 but not CYP2D6, suggesting that a reactive species is formed in the presence of CYP3A4 but not in the presence of CYP2D6. From the glutathionyl trapping experiment a large peak, corresponding to a glutathionyl adduct (16) at the allylic side chain of levallorphan, was present in incubations with CYP3A4. The suggested adduct position of the glutathionyl moiety is consistent with that previously reported in the literature for allylamines that cause time-dependent inactivation of P450 (Fontana et al., 2005) . The absence of any large peak corresponding to a glutathionyl adduct of levallorphan in CYP2D6 incubations correlates with the lack of TDI properties of levallorphan on this enzyme. This is in agreement with the discussion that the environment in the active site cavity of CYP2D6 orients the ligands with the basic nitrogen pointing away from the heme.
In summary, studies of the metabolism and inhibition potentials of levorphanol and levallorphan with CYP2D6 and CYP3A4 have led to information on how these compounds interact with these two isoenzymes of P450. Rationalizations of the fragmentation pathways observed in the product ion spectra for the metabolites formed from levorphanol and levallorphan have provided an opportunity to characterize the orientations of these molecules in the respective enzyme active sites. From the metabolites formed it may be concluded that substrates may have several productive orientations in the active site of CYP3A4. In CYP2D6, on the other hand, the compounds orient with the aromatic moiety or the nitrogen atom pointing toward the heme. The N-dealkylated metabolites, not following the CYP2D6 pharmacophore, were only minor compared with those formed in CYP3A4. Furthermore, the TDI properties observed with levallorphan and the formation of a glutathionyl conjugate of this compound with CYP3A4 but not with CYP2D6 strongly indicate that levallorphan adopts a productive binding mode in CYP3A4 that is not allowed in CYP2D6. These results support the hypothesis that the acidic amino acid residues in the CYP2D6 active site cavity favor an orientation of the substrate with the nitrogen pointing away from the heme, whereas orientations with the nitrogen atom toward the heme are commonly observed in CYP3A4. These results are also consistent with the dockings and support previous conclusions reached from computational studies of the enzymes in which CYP3A4 is suggested to have a more flexible active site with hydrophobic interactions as major determinants for ligand-enzyme affinity, whereas CYP2D6 has a more restricted active site with electrostatic interactions with the ligand as an important factor.
